The hydroacoustic nuclear explosion monitoring regime, like it's counterpart in seismic monitoring, requires ground truth calibration. Model predictions of traveltimes, blockages, reflections, diffractions, and waveform envelopes need to be verified with ground truth experiments, particularly in the high latitudes where models often fail. Although pressure detonated explosives are a simple, reliable, and flexible method to generate an impulsive hydroacoustic calibration source at a desired depth; safety procedures, specialized training, and local regulations often preclude their use. This leaves few alternatives since airgun and other seismic marine sources are designed for use only at shallow depths and hence do not effectively couple into the SOFAR channel, a necessary requirement for long range propagation. Imploding spheres could be an effective source at mid-ocean depths and below but development of a method to reliably break such spheres has been elusive.
Abstract
The hydroacoustic nuclear explosion monitoring regime, like it's counterpart in seismic monitoring, requires ground truth calibration. Model predictions of traveltimes, blockages, reflections, diffractions, and waveform envelopes need to be verified with ground truth experiments, particularly in the high latitudes where models often fail. Although pressure detonated explosives are a simple, reliable, and flexible method to generate an impulsive hydroacoustic calibration source at a desired depth; safety procedures, specialized training, and local regulations often preclude their use. This leaves few alternatives since airgun and other seismic marine sources are designed for use only at shallow depths and hence do not effectively couple into the SOFAR channel, a necessary requirement for long range propagation. Imploding spheres could be an effective source at mid-ocean depths and below but development of a method to reliably break such spheres has been elusive.
We designed and tested a prototype system to initiate catastrophic glass sphere failure at a prescribed depth. The system firmly holds a glass sphere in contact with a piston-ram assembly. The end cap on the cylinder confining the piston and opposing the ram has a rupture disk sealed to it. The rupture disk is calibrated to fail within 5% of the calibrated failure pressure, 1000 psi in our tests. Failure of the rupture disk results in a sudden inrush of high pressure water into the air-filled piston chamber, driving the piston --and attached ram --towards the glass sphere.
The spherecracker was first tested on Benthos Corp. flotation spheres. The spherecracker mechanism successfully punched a hole in the Benthos sphere at the nominal pressure of 1000 psi or at about 700 meters depth in each of four tests. Despite the violent inrush of high pressure water the spheres did not otherwise fail. We concluded that the Benthos spheres were too thick-walled to be used as an imploding source at nominal SOFAR channel depths (500 meters -1200 meters in midlatitudes). A much thinner walled sphere, a special order modification of a standard 22 liter laboratory boiling flask made by the Kontes Glass Company, was also tested and found to fail in the desired manner, i.e. catastrophically. A test off the coast of California successfully initiated implosion of a Kontes sphere at 685 meters depth. The recorded signal showed a peak pressure slightly larger than that from 1 lb of high explosive detonated at the same depth. The signal spectra showed relatively broad band higher frequency energy with little signal below about 50 Hz and a broad peak in the amplitude spectra between about 200 and 800 Hz, similar to that from an explosive source detonated at the same depth.
Introduction
The hydroacoustic monitoring regime for the Comprehensive Nuclear-Test-Ban Treaty, like it's counterpart in seismic monitoring, requires ground truth calibration. Although the relative homogeneity of the ocean medium compared to the solid earth has allowed for more accurate and reliable computer models of acoustic propagation, significant problems and errors in the acoustic propagation models remain. Model predictions of traveltimes, blockages, reflections, diffractions, and waveform envelopes need to be verified with ground troth experiments on as many paths as possible if hydroacoustic monitoring capabilities are to be enhanced. One way to accomplish such ocean basin calibrations is to detonate a large number of small ( 1-2 lbs of high explosive) charges within the SOFAR axis (600 meters to 1200 meters nominal depth) on various tracks in an ocean basin, recording the signals at all operational hydroacoustic stations.
Although pressure-detonated explosives are a simple, reliable, and flexible method to generate an impulsive hydroacoustic source at a desired depth; safety procedures, specialized training, and local regulations preclude their use on most ships. This leaves few alternatives as SOFAR axis sources, since airgun and most other seismic marine sources are designed for use only at shallow depths. Imploding spheres have a relatively long history of specialized use and are a potential acoustic source at mid-ocean depths and below; but they have not been deemed reliable because they fail well below or above the desired depth or do not fail catastrophically at all. If imploding spheres can be made reliable and can deliver an adequate signal for long range calibration, the method has the distinct advantage of having no stored energy at the surface and therefore no shipboard safety concerns and no special shipboard equipment requirements for deployment. This advantage allows for the possibility of deploying the spheres from a wide variety of ships on cruises for other purposes, thereby minimizing the costs associated with ground truth data collection.The need for an inexpensive source at the SOFAR axis that does not have the hazard and safety procedure problems of explosives was recognized in the recent International Workshop on Hydroacoustic Monitoring for the CTBT that met in Tahiti late September, 1999 [11. The workshop findings identify acoustic source development as a technical issue and advocate an approach to the problem that addresses the safety issue and the need for low cost expendable sources.
Implosion sources have been used in specialized oceanographic studies for nearly 50 years. In 1952, 0.01 liter glass floats were imploded as an acoustic signal for indicating that a sediment corer reached the ocean bottom [2] . In 1976, a study used weakened glass spheres to vary the depth of implosion [3] . Most recently (1996), a project to develop a deep water ocean bottom implosive source using a 20 liter cylinder was conducted [4}. The deep water source initiated cylinder implosion with a pyrotechnic igniter device. We do not know of an existing implosion system suited to the hydroacoustic monitoring needs. Any development of such a system must show utility by demonstrating good source properties (amplitude and frequency content), implosion depth control, reliability, repeatability, and long range propagation. This paper will describe a sphere implosion system and the results of early field tests. This is a report of work-in-progress, serving to document some preliminary experiments and is not a complete study. First, we will qualitatively examine the properties of an imploding acoustic source. We will then outline the design of an implosion initiation device, or spherecracker, for causing glass sphere implosions at predetermined depths without the use of explosives or stored energy devices. This will be followed by an outline of early field tests culminating in the most recent successful test that recorded the source waveform with a calibrated hydrophone. Finally, we will conclude by outlining future tests and research issues that need to be completed before using this type of source. Potential applications for hydroacoustic calibration for nuclear explosion monitoring will also be discussed.
Acoustic properties of imploding spheres
An imploding source exploits the pressure difference between an enclosed volume of gas at nominal atmospheric pressure and the external water pressure at the implosion depth. A sudden catastrophic failure of the containing vessel leaves the relatively low pressure gas bubble exposed to relatively high pressure water and a rapid implosion ensues. The implosion momentum collapses the bubble radius to less than that required for an equilibrium pressure balance. At the instant of minimum bubble radius, the bubble begins expanding and radiates a positive acoustic pressure spike. This oscillation can continue for a few cycles, each with successively reduced pressure spikes as energy is dissipated and the bubble approaches a static equilibrium pressure. The process is similar to the bubble pulses seen from subsurface explosions; the gas globe from the explosion oscillating about the equilibrium pressure. One distinct difference that in the case of underwater explosions there is an initial shock wave caused by ignition of the explosive and creation of the expanding gas globe consisting of explosion gas products. There is no such analog in an implosion. Another important difference is the relatively cold low pressure gas inside the sphere compared to the high temperature dense explosive gas products in the gas globe. The bubble collapse details of the two cases cannot be directly compared.
At nominal SOFAR depths (500 m to 1000 m), the energy density spectrum of a 1 lb TNT explosion is broadband with a peak amplitude between 150 and 300 Hz. As will be shown, the spectrum of an imploding sphere is also broadband, but the peak amplitude is slightly higher in frequency and even broader. Higher frequency acoustic energy has implications for long range propagation since acoustic attenuation in seawater increases with increasing frequency. Furthermore, the relative lack of low frequency in the source (i.e. 1-80 Hz) --the frequency band that is monitored CTBT hydroacoustic sensors --puts some limitations on the utility of the source for some aspects of calibration. This will be discussed in greater detail in the following sections.
If a glass sphere is of sufficient volume to produce the desired source signal level and has sufficient wall thickness to survive the water pressures in the operational depth range, the sphere failure must be initiated by some controlled method at a predetermined depth. Such a mechanical implosion initiation device was designed to crack the sphere at a preset depth, herein referred to as the "spherecracker".
Design of a failure initiation device
The failure initiation device, or spherecracker, was designed to be rugged enough to be reusable, heavy enough to sink the whole assembly loaded with the sphere, and without stored energy at the surface. In addition, use of inexpensive materials from standard stock was also a goal so that the spherecracker cost is low enough to allow for a use-once option in deployment. The device is shown in Figure 1 and consists of two orthogonal cut-out plates that hold the sphere and a cylinder-piston-ram assembly that punches a hole in the sphere. The system firmly holds the sphere in place and in contact with a 4 inch diameter piston. A 1/4 inch diameter ram is connected to the center of the piston and passes through a small O-ring sealed hole in the cap confining the piston and abutting the glass sphere. The ram initiates failure by punching a hole through the glass sphere. The end-cap on the cylinder confining the piston and opposing the ram end-cap tapers to a one inch diameter opening with a rupture disk sealed to it. The rupture disk is calibrated to fail within 5% of the calibrated failure pressure, 1000 psi in our tests. Failure of the rupture disk results in an inrush of high pressure water into the air-filled piston chamber, driving the piston --and attached ram --towards the glass sphere. The operational concept is shown in Figure 2 . Note that as the cylinder is lowered in the water, the water pressure on the ram serves to "cock" or position the piston near the rupture disk. When the disk fails, the water pressure on the relatively large area of the piston results in a force much greater than that on the small area of the ram opposing it. The net force drives the piston (and ram) downward. 
Field trials
Field tests of the spherecracker assembly were initially conducted on Benthos Inc. deep sea glass flotation spheres [5] . The spheres consist of two identical hemispheres sealed together by a gasket and in a partial vacuum. These spheres have a 30.5 cm (12 inch) inner diameter, a 1.27 cm (0.5 inch) wall thickness, and a depth rating of 11,000 meters. The depth rating of these spheres assured their survival at nominal SOFAR channel depths of 500 -1200 meters. The challenge was to cause sphere failure and implosion at these depths. A water reservoir was attached to the spherecracker pressure disc chamber and hydraulically pressurized until the disk failed at the nominal pressure of 1000 psi. The sphere was otherwise in ambient lab conditions with no significant pressure differential between the outside and inside of the sphere. The piston ram was driven into the sphere with sufficient force to cause the sphere to shatter into several large fragments. After the successful lab test, three tests were conducted at sea, all with rupture disks calibrated to fail at 1000 psi. The spherecracker mechanism successfully punched a hole in the Benthos sphere at the nominal pressure of lO00 psi in each test. However, despite the violent inrush of high pressure water through the hole and into the low pressure interior, the spheres did not otherwise fail. The ram was positioned to punch a hole at different parts of the sphere in each test (hemisphere pole, mid-latitude, and equator). The results were the same as shown in Figure 3 . The external water pressure effectively strengthened the sphere enough to prevent crack propagation and catastrophic failure from the punched hole. We concluded that the Benthos spheres were too thick-walled to be used as an imploding source at nominal SOFAR channel depths.
A different type of glass sphere was also tested during the Benthos sphere tests. These spheres were made by the Custom Glass Shop, a Division of Kontes Glass Company [6] . The spheres are a special order modification of a standard 22-liter laboratory boiling flask. The wall thickness is nominally 0.64 cm (0.25 inches) but, since each sphere is hand blown, the wall thickness can vary considerably. Our concern with these spheres was their survival at nominal SOFAR axis depths. Initial tests were conducted without the spherecracker. The first test successfully lowered a sphere to 183 meters depth without self-failure. Failure was subsequently initiated at 150 m depth with a falling pipe and a large implosion signal was recorded. I ' ' , I ' , , I , , , I , , , I , , , i The second test, conducted in deep water, lowered the sphere to failure depth without the spherecracker. This occurred at about 1600 meters depth. The CGS sphere and the spherecracker mechanism appeared to be the right combination for SOFAR depths.
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An opportunity to conduct a field test with the CGS sphere and spherecracker came in Feb., 2000. The spherecracker was loaded aboard the R.V. Sproul and tested west of San Diego at water depths around 1200 meters. The spherecracker was loaded with a 22 liter CGS glass sphere and was lowered until a 1000 psi rupture disk failed. After initiating a successful implosion, the spherecracker was recovered undamaged. By reloading the device with a new pressure disk and glass sphere, it could be used repeatedly.
The impulsive hydroacoustic signal recorded from the implosion allowed accurate determinations of hydrophone depth, implosion depth and water depth from the surface reflected, bottom reflected, and 2rid bottom reflected phases, respectively. The implosion occurred at 685 meters depth. The implosion signal was felt on the ship and recorded by a calibrated hydrophone suspended 13 meters deep. The recorded signal shown in Figure 4 was of short duration (less than msec) and with a small bubble pulse about 2 msec after the main collapse. The event starts with rarefaction as the sphere shatters and collapses. The large compressional pressure spike following the rarefaction occurs when the collapse reaches a minimum volume and reverses (begins expanding). The waveform was projected back to 1 meter by multiplying the hydrophone output by the distance of the hydrophone from the implosion, 672 meters. The peak pressure from the implosion is slightly larger than that from 1 lb of TNT [7] at the depth of the test.
The amplitude spectrum of the implosion is shown in Figure 5 . The source does not show any appreciable acoustic energy above background levels for frequencies below about 50 Hz. Above 50 Hz the source amplitude rises to a broad maximum at frequencies between 200 and 800 Hz. There is a relatively shallow high frequency roll-off of the source energy between 1 kHz and 10 kHz whereas the noise rolls off more steeply in this band. The consequence is that the signal-tonoise ratio is highest at the highest frequency shown in the spectra: 10 kHz.
potential Utility as a Calibration Source
Long range propagation of signals from small ( 1-2 lb) explosions within the SOFAR has been amply demonstrated [7] . Since the imploding sphere source within the SOFAR has a peak pressure amplitude similar to that of a small (1 lb) explosion and similar frequency content, is reasonable to assume that the imploding sphere source signal will propagate for long distances within the SOFAR. The pressure amplitude spectra of the imploding sphere source shows that the bulk of the acoustic energy is well above the frequency band that is used for nuclear explosion monitoring (nominally 1-80 Hz). This means that traveltimes, shadowing, diffraction, reflections, etc. would be calibrated at frequencies starting at the high end of the nuclear explosion monitoring band and extending beyond it. For some parameters (e.g. traveltime) this may be acceptable but for others (e.g. shadowing) it may lead to inaccuracies. Potential methods do exist to excite lower frequencies from the imploding sphere. They are: increase the volume of the sphere, implode the sphere at a shallower depth, and/or use multiple spheres simultaneously imploded. A larger sphere could be developed but it will be a relatively costly special order. A shallower implosion depth is simple to test. It will still need to be within the upper reaches of the SOFAR and will result in a smaller peak pressure amplitude. Multiple simultaneous sphere implosion could be easily tested using a single spherecracker and a bundle of spheres surrounding the mechanism and relying on shockwave-induced-implosion once the spherecracker implodes the central one. 
Conclusions
We have demonstrated that the spherecracker assembly can be made to work as an acoustic source at mid-ocean depths. The reliability of this source has not been established in the few tests conducted to date. Furthermore, although comparable explosions at the same depth can be detected at long ranges, provided the source and receiver are near the SOFAR axis and the SOFAR channel is not interrupted in the path connecting the two, actual experiments to verify this have yet to be done. The relatively high frequency content of the implosion source is a concern since it may limit the utility of some calibration measurements. A shallower implosion depth and/or a larger implosion source would shift the imploding sphere source spectra to lower frequencies and may mitigate that concern. Source phenomena modeling and further field testing is needed to determine the full range of hydroacoustic station calibration applications.
